We investigated relationship of arsenicosis symptoms with total blood arsenic (BAs) and serum albumin (SAlb) of residents in the Mekong River basin of Cambodia. We found that arsenicosis patients had significantly higher BAs and lower SAlb than asymptomatic villagers (Mann-Whitney U test, po 0.01). Arsenicosis symptoms were found to be 76. 
Introduction
Arsenic, a ubiquitous environmental contaminant, has been classified as a human carcinogenic agent (IARC, 1987; USEPA, 2005; ATSDR, 2007) . Chronic exposure to arsenic has threatened and impaired the health of millions of people worldwide (Phan et al., 2013; Fendorf et al., 2010) . In general, humans can be exposed to arsenic in several pathways, with oral ingestion being the most common throughout history. Numerous studies have shown that the chronic ingestion of arsenic-rich groundwater leads to the development of hard patches on the palm of the hand and sole of the foot as well as skin lesions, pigmentation, keratosis, and melanosis (Abernathy et al., 2003; Mazumder et al., 2000; Ahsan et al., 2006; Argos et al., 2011) . In addition, skin cancer, cancer of the internal organs (urinary bladder, kidney, lung, and liver), diabetes, high blood pressure, and respiratory, circulatory, and reproductive disorders have also been associated with chronic arsenic exposure (Smith et al., 1992; Karagas et al., 2001; WHO, 2008) . Arsenicosis symptoms are generally assumed to manifest after decades of consuming arsenic-rich groundwater; however, symptoms were discovered to exist in as short as 3 years of exposure in rural Cambodia . And although some studies have provided evidence that a poor nutritional status may increase an individual's susceptibility to chronic arsenic toxicity (Hsueh et al., 1995; Guha Mazumder et al., 1998; Mitra et al., 2004; Gamble et al., 2005) , nutritional functions in arsenic metabolism and toxicity are not fully understood (Milton et al., 2004 (Milton et al., , 2010 . In related studies, a decline in arsenic methylation and an increase in tissue retention of arsenic were observed in animal studies in which rabbits were fed diets containing low methionine, choline, or protein (Vahter and Marafante, 1987) . A study on the effects of macronutrient status (body mass index) and micronutrients (plasma folate, vitamin B 12 , zinc, ferritin and selenium) revealed that the metabolism of inorganic arsenic in Bangladeshi women was marginally influenced by their micronutrients status (Li et al., 2008) . And providing folic acid supplements to arsenic-exposed Bangladeshi adults with low plasma folate was found to lower their blood arsenic concentrations by decreasing blood monomethylarsonic acid (MMAs V) and increasing urinary dimethylarsinic acid (DMAs V) (Gamble et al., 2007) . The assumption of this study was that folic acid supplementation to arsenicexposed population would increase arsenic methylation, a conversion of the ingested inorganic arsenic to an organic one, and facilitate urinary arsenic elimination. Methylation of InAs (III) produces MMAs V and S-adenosyl homocysteine. Hydrolysis of S-adenosyl homocysteine provides homocysteine and adenosine. MMAs V is reduced to monomethylarsonous acid (MMAs III) before a subsequent oxidative methylation step yielding DMAs V (Gamble et al., 2007) . Previously, in vitro studies have shown that As (III) reacts with human serum albumin (Jiang et al., 2010) , thereby suggesting that blood arsenic can bind to the sulfurcontaining amino acid residues of serum albumin among the arsenic-exposed population. However, studies pertaining to factors controlling the development of arsenicosis symptoms are very limited. Here, we investigate relationship of arsenicosis symptoms with total blood arsenic (BAs), and serum albumin (SAlb) of the arsenic-exposed population in the Mekong River basin of Cambodia.
Methods

Field work
The design of this project was a cross-sectional study which involved 246 participants residing in the arsenic-affected area in the Mekong River basin of Cambodia. Arsenic contamination of groundwater in the Mekong delta of Cambodia was due to arsenic release from river-derived sediments at the near surface and its transport back to the river through underlying aquifer by groundwater flow (Polizzotto et al., 2008) . In fact, groundwater and some foodstuffs in Kandal province have been reported highly contaminated with arsenic (Phan et al., 2010 (Phan et al., , 2013 . It is of significant importance to monitor arsenic accumulation in the human body although some residents have stopped drinking groundwater. After our project proposal was approved by the National Ethics Committee for Human Research (Reference no. 114NECHR, 04/08/2011) under the Ministry of Health of the Royal Government of Cambodia and informed consent was obtained, volunteer participants were physically examined for arsenicosis symptoms following the WHO's diagnostic procedure (WHO, 2000) by a trained physician in the Preak Russey Village, Kampong Kong commune, Koh Thom district, Kandal province (Fig. 1) . After physical examination, participants were interviewed by a questionnaire whose outcome is summarized in Tables 1 and 2 . First, respondents were asked to provide their demographic information including their name, home address, gender and age. Then, they were asked to provide their education levels, occupations and daily incomes. The respondents were also asked to provide their current smoking status and/or tobacco use, they were then asked to provide the source of their drinking water in wet and dry seasons. Groundwater consumption status and option and the location of groundwater were also included in the questionnaire. The amount of water drunk per day, the period of drinking groundwater and the duration of living in the village were also collected. Finally, each participant was asked to sign the written consent after they provided all answers. If a participant manifested one of the arsenic-induced skin lesions such as hyperpigmentation, hyperkeratosis and melanosis s/he would be identified as the Fig. 1 . Map of the study area. arsenicosis patient. Concurrently, spot urine samples were collected from arsenicosis patients (n¼ 127) and asymptomatic villagers (n¼ 108). Spot urine samples were collected from individuals and stored in two different bottles; an acid-cleaned polyethylene bottle and a sterile bottle, both of which were stored in an icebox during fieldwork. Spot urine samples in the acid-cleaned polyethylene bottles were subsequently transferred to a freezer, and stored at -20 1C until chemical analyses. Spot urine samples in the sterile bottles were delivered to the Institut Pasteur du Cambodge to measure the urinary creatinine concentrations. Venous blood samples were also collected from the same arsenicosis patients (n¼ 108) and asymptomatic villagers (n ¼92) in 4 mL EDTA Vacutainers, kept in an icebox and delivered to the Institut Pasteur du Cambodge along with the spot urine samples, in order to measure the serum albumin concentrations. The reminder of the blood samples were frozen at -20 1C until they were delivered to Gwangju Institute of Science and Technology (GIST), Republic of Korea, for chemical analyses.
Sample preparation and analysis
Serum albumin (SAlb) and urinary creatinine (UCre) concentrations were determined at the Institut Pasteur du Cambodge using bromocresol green (Roche Diagnostics, COBAS INTEGRA ALB2) and picric acid (Roche Diagnostics, COBAS INTEGRA CREJ2) techniques, respectively. The total arsenic concentration in urine was extracted using a diluted nitric acid solution. In brief, the frozen urine samples were allowed to thaw at room temperature, after which 1 mL was pipetted into a 15 mL acid-cleaned polyethylene centrifuge tube. Then, 9 mL of nitric acid (0.5 mol L À 1 ) was added into each tube; the tube was then centrifuged at 3000 rpm for 10 min. The resulting supernatant was filtered (0.2 mm) into a fresh tube and stored at 4 1C until analysis. Concurrently, the total arsenic concentration in blood was measured after digesting with concentrated nitric acid (65%) and hydrogen peroxide (30%). In brief, frozen blood samples were allowed to thaw at room temperature, after which 0.20 mL was pipetted into a 15 mL acid-cleaned polyethylene centrifuge tube. Then, 0.5 mL of nitric acid (65%) was added into each tube, followed by the addition of 1 mL of hydrogen peroxide (30%). The mixture was allowed to stand for 15 min before heating at 100 1C for 3 h in a heating block (TAITEC Dry Thermo Unit DTU-2C, Japan). The digestate was then diluted to 10 mL with 18.2 MΩ MilliQ deionized water and filtered (0.2 mm) into a fresh tube. All chemical measurements of total arsenic concentration were performed by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500 ce, USA). Spiking of urine and blood was conducted in low (10 mg
) levels. Spiked urine and blood samples were treated in the same manner as the samples in order to verify the accuracy and precision of the extraction and digestion methods. In addition, two replicates of the spot urine and blood samples were extracted and digested to verify the precision and accuracy of the instrumental measurements. The recovery rates (RSDo 10%) from the extraction and digestion of urine, blood, and spiked samples were in good agreement with the recommended values (90-110%).
Statistical data analysis
All statistical data analyses were performed using SPSS for Windows (Version 16.0). Since the data sets were not normally distributed, non-parametric tests were applied. For example, Mann-Whitney U tests were used to verify the differences in urinary arsenic (UAs), UCre, blood arsenic (BAs), and SAlb concentrations between arsenicosis patients and asymptomatic villagers. A binary logistic regression analysis was applied to assess the association between SAlb and BAs for the presence and absence of arsenicosis symptoms. And the strength of correlations between UAs with UCre and BAs with SAlb were determined by Spearman's rho correlation coefficients (r s ). For all analyses, the significance was considered in circumstances where p o 0.05.
Results and discussion
Chemical measurements of the UAs, UCre, BAs, and SAlb concentrations are presented in Table 3 . A basic comparison indicates that arsenicosis patients have significantly higher BAs and lower SAlb concentrations than asymptomatic villagers (Mann-Whitney U test, p o0.05). A significant negative correlation is also found between BAs and SAlb concentrations (r s (199) ¼ À0.354, po 0.0001, Fig. 2 ). Further analyses then revealed that there were no significant differences in the UAs and UCre concentrations between arsenicosis patients and their asymptomatic villagers (Mann-Whitney U test, p 4 0.05), though a significant positive correlation between UAs and UCre concentrations was observed (r s (237) ¼0.782, po 0.0001). These results suggest that the arsenic metabolic pattern of arsenicosis patients is not different from that of asymptomatic villagers. The complexes of arsenic and sulfur-containing amino acid residues of serum albumin are likely to be metabolized and excreted through their urinary systems.
Because both arsenicosis patient and asymptomatic villager lived in the same affected area, the overall levels of their arsenic exposure might not be different. Although they have stopped drinking groundwater, they might get exposed to arsenic through foodstuffs, in particular, rice grown with arsenic-rich groundwater. Given both patient and their asymptomatic villager had equal maximum capability to eliminate arsenic through urination. The higher BAs of patients could be explained by a fact that the more the ingestion the more the toxicity and the more rapidly develop arsenicosis symptoms. Our previous studies revealed that this study population ingested an excess amount of inorganic arsenic from both the groundwater drinking pathway (Phan et al., 2010) and through daily food consumption (Phan et al., 2013) . Previous in vitro study reported that there was low binding stability of As (III) to SAlb without specific binding due to access amount of As (III) bound to SAlb in a hydrophobic interaction mechanism after the specific binding site of SAlb is occupied (Jiang et al., 2010) . It was suggested that in circumstances in which the sulfurcontaining amino acid residues of serum albumin is saturated with blood arsenic, free blood arsenic may be directly transported and accumulated in susceptible tissues. For example, high arsenic concentrations have been reported in the hair, fingernails, and toenails of the study population Phan et al., 2011; Mazumder et al., 2009) . Although the mechanism of arsenicinduced toxicity and carcinogenicity has not been clearly identified there were increased evidences that toxicity and carcinogenicity of arsenic were likely to be closely associated with metabolic processes (ATSDR, 2007) . Arsenate is structurally and chemically similar to inorganic phosphate (P i ) (Nelson and Cox, 2004) ; it can inhibit the central metabolic pathways and interfere with the syntheses of DNA by substituting arsenate for analogous phosphate, which then leads to arsenic toxicity and cancer development in the host tissues. The methylation process involved a few intermediates which were more reactive than inorganic arsenic (ATSDR, 2007) . Dimethylarsinous acid (DMA III) has been demonstrated to be more toxic than As (III) or As (V) to human hepatocytes, epidermal keratinocytes, and bronchial epithelial cells in the in vitro studies (ATSDR, 2007) . A role of the generation of reactive oxygen species in the toxicity of inorganic arsenic has been demonstrated in mechanistic studies of arsenic toxicity whereas MMA III and DMA III are directly genotoxic and much more potent than arsenite at inducing DNA damage (ATSDR, 2007) . We applied a binary logistic regression analysis to assess the association between SAlb and BAs concentrations in both the presence and absence of arsenicosis symptoms in the study populations. As a result, arsenicosis symptoms are 1. .223-3.872) . These findings suggest that malnourished people (i.e., low in serum albumin) with high BAs are more likely to develop arsenicosis symptoms. Previous evidence from nutritional studies indicates that a low intake of macronutrients and micronutrients may increase a person's susceptibility to arsenic-caused skin lesions (Mitra et al., 2004; Vahter, 2007; Gamble et al., 2005) . Since the arsenic species in blood and urine samples were not analyzed, arsenic methylation capacity of arsenicosis patients and their asymptomatic villagers could not be clearly defined. On the other hand, the other confounders which might affect the observed relationship were also not included in statistical analysis. Further studies are required to investigate relationship of ingested arsenic and serum albumin and other blood proteins of the exposed population in this region.
Conclusions
The present study provides additional evidence that a person's nutritional status can be attributed to arsenic toxicity. In addition, since BAs serves as a primary substrate for arsenic metabolism, it is also associated with the development of arsenicosis symptoms. As such, remedial action should be taken into account by decreasing the total blood arsenic concentrations. For example, the rapid development of arsenicosis symptoms could be prevented by reducing the high intake of arsenic-rich groundwater and arsenic-contaminated foods. For this reason, a safe water supply and the development of irrigation systems should be prioritized in arsenic-affected areas. In addition, the development of information, education, and communication (IEC) materials is warranted in order to educate people about health risks from oral arsenic ingestion.
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